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Initial Pressures I 
Composition, temperature, pressure and density behind a stable detonation wave and its propa- 
gation rate have been calculated for seven hydrogen-oxygen mixtures at 1,5,25 and 100 atm initial 
pressure, and at an initial temperature of 40 C. For stoichiometric mixtures the calculations also 
include an initial temperature. of 200 C. According to these calculations the detonation velocities 
of hydrogen-oxygen mixtures increase with increasing initial pressure, but decrease slightly when 
the initial temperature is raised from 40 to 200 C. The calculated detonation velocities agre satis- 
factorily with values determined experimentally. These values will be published in the near future. 
HE CALCULATIONS are based on the assumption that T complete thermodynamic and chemical equilibrium is 
established in the wave. Dissipating effects such as vis- 
cosity, heat transfer by conduction and radiation, and chemi- 
cal reaction rate phenomena are disregarded. The calcula- 
tions were carried out for hydrogen-oxygen mixtures using 
a rigorous method developed by Edse (l) .a  Other gaseous 
reactants will be treated in a future paper. 
The detonation parameters are derived from the Hugoniot 
equation for the reacted gas mixture in equilibrium, and 
from the condition that the detonation velocity is the mini- 
mum wave velocity of the possible velocities for the given 
state of the combustible gas. Thus the results are based 
on the Chapman-Jouguet point at which the velocity of the 
reacted gas relative to the detonation wave is equal to the 
equilibrium sonic speed (2) in the reacted gas behind the 
wave. These conditions can be calculated more readily than 
those for a frozen speed of sound for which the ratio of the 
specific heats k must be calculated (3). 
Method of Calculation 
Assuming that only the neutral species of H20, H2, 0 2 ,  
OH, 0 and H occur in the detonation wave of hydrogen- 
oxygen mixtures, the Hugoniot equation can be written 
where 
p i ,  a (AHf/cRT)6Ta = p H , o ( A H f / 6 i T ) ~ , ~ T a  4- . .. 
In Equation [ l ]  the partial pressures of &O, H2, 02, OH, 
0 and H must satisfy the conditions for chemical equilibrium. 
With an assumed value for the partial pressure of molecular 
oxygen, the partial pressures are calculated as 
pol assumed p o  = Ko,(po2)'~z 
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P O H  = KOH ( ~ H ~ ) " ~ ~ ( P O ~ ) ~ ' ~  &I 4 
p H 2 0  = p H 2 ( ~ ~ 2 ) 1 ' 2 / K ~ z ~  [6 I 
For hydrogen-rich mixtures (NO/" < 1 / 2 )  the assumed 
value of the molecular oxygen partial pressure must be less 
than { 2 N O / ( N H  - 2No) } .KHZ0l2. 
Since the sum of all partial pressures must be equal to p a  
as derived from Equation 111, the correct value of poz  can be 
determined by trial and error using Equations [l through 61. 
As a result of these calculations, a pair of T ,  and p a  values is 
The values of T .  and p a  together with the corresponding 
partial pressures are then used to calculate the Mach number 
for the wave relative to the unreacted gas 
. obtained that satisfies the Hugoniot equation. 
h,M2 = 
(DJVh) - 1 
This procedure is repeated until a pair of pa and T .  values is 
found which makes this Mach number a minimum. These 
values and the minimum value of M represent the detona- 
tion conditions of a stable Chapman-Jouguet detonation 
wave. The velocity of the reacted gas relative to the wave 
is obtained using the continuity equation 
where 
U D  = [ ( @ T b / m a )  * k b M : i n ] l / '  
Mmin = M D 
The impact pressure ratio follows from 
[E - 1 1 .  P i m p  - ( U D  - Ua)' I P a  - pb - 
P b  pb ' va pb 
+ 2 P b  Igl 
[ Z p H z O  + 2pHz + p O H  + p H  
T./ Tb 
The results of these calculations are presented in Tables 1 
through 5. A small amount of scatter in the results was un- 
avoidable because of the limited number of iterations used 
during these calculations, which were made with a Square 
Root Friden calculating machine. 
Assuming that the immediate front of the detonation wave 
consists of a normal shock wave, propagating at the velocity 
UD through the combustible gas mixture without causing 
any chemical reactions in the gas, we can calculate the 






























































































































































































































































































a Initial temperature = 313.16 K except where noted. ' Initial temperature = 473.16 K. 
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Table 5 Properties of a hydrogen-oxygen detonation wave, p b  = 100 atm 


























































































FEBRUARY 1961 253 
following equations simultaneously 
These pressures are the highest that would occur in the 
detonation wave should complete relaxation prevail in the 
internal modes of motion of the unreacted gases. Com- 
pletely inactive vibrational motion in the molecules of the 
combustible gas mixtures would lead to pressures and tem- 
peratures in the wave calculated for a normal shock at M D  
with 
[(H - Eo)/(RTITa = [ (H - Eo)/@TITb 
The difference between the latter values and those obtained 
from Equations [lo and 1 1 1  is usually quite small. 
It is frequently necessary to calculate the parameters be- 
hind a steady-state detonation wave for the case where the 
reaction has proceeded to an arbitrarily assumed chemical 
composition. For such calculations a method is proposed 
which is based on an evaluation of the derivative d(p . /pb) /  
d( Ta/Tb)  which, according to the Chapman-Jouguet condition 
added to a unit mass of the subsonic flow behind the normal 
shock, the final Mach number M I  will be 1 if, for a given 
value of q, the proper value of M I  is selected. The amount 
of heat q added to the gas is the heat of reaction of a unit 
mass of the gas mixture. Allowance must be made for the 
fact that the reaction does not go to completion in most 
cases. Since for the normal shock Mz* equals l/M1*, and for 
the flow with heat addition in the present case M a  equals 
M3* equals 1 which leads to 
we obtain 
becomes 
5 - 1  
1131 
pb -- - -  
I (2) p b  mb Tb 
Upon differentiation of the Hugoniot equation 
<( 
The detonation parameters are obtained by solving Equations 
[13, 14 and 151 simultaneously. 
An approximate but explicit solution of the detonation 
problem is possible when an average value for the specific 
heat ratio k is introduced. According to this method, the 
detonation wave is considered to consist of a shock wave 
followed by a region in which heat is added to the gas until 
the Mach number becomes 1. This solution is useful pri- 
marily because it yields a quick answer, and it affords a good 
starting point for the exact calculations. When heat q is 
254 ARS JOURNAL 
for the Mach number of the detonation wave. Results of 
these ca~cu~ations are presented in ~ i ~ ~ .  1 and 2 for various 
values of the specific heat ratio k as function of the heat 
release coefficient 
Cq = q / (@Ti /mi )  
MAT RELEAS COEFFICIENT % =  
Fig. 1 Effect of heat release coefficient on temperature ratio 
across detonation wave for hydrogen-oxygen mixtures 
HEbT RELE4SE COEFFICIENT C q i  nT8 (a 
Fig. 2 Effect of heat release coefficient on Mach number of 
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MOLAR PER CEHT HYDROOM IN 
MlXTUlE 
Fig. 3 Calculated detonation velocity of hydrogen-oxygen 
mixtures as a function of fuel concentration 
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Discussion of Results 
The results of the calculations show that the detonation 
velocities of stoichiometric hydrogen-oxygen miX%ures (Fig. 
3) increase with initial pressure at the approximate rate of 
d(u~)/(dp/p) = 54 m per sec. This coefficient becomes 
smaller for lean or rich mixtures. The curves of Fig. 3 also 
show that the detonation velocities of hydrogen-oxygen mix- 
tures increase rather sharply with the concentration of hy- 
drogen in mixtures up to 90 per cent. At higher hydrogen 
concentrations the advent of a decrease in velocity is indi- 
cated by the shape of the curves. 
The pressure ratio p., ~ / p 6  across the detonation wave of 
near stoichiometric mixtures increases rather significantly 
when the initial pressure is increased (Fig. 4). For very 
lean or very rich mixtures the effect is small. The tempera- 
ture of the gas behind the detonation wave follows a similar 
pattern (Fig. 5). However, the density ratio p., ~ j p t ,  across 
the wave decreases as the initial pressure is increased. For 
lean or rich mixtures, again, the effect of pressure on this 
parameter is small. 
Variations of the initial temperature have only a small 
influence on the detonation velocity, the detonation tempera- 
ture and the density ratio across the wave. However, these 
variations affect the pressure in the wave very strongly. 
Whereas an increase of 160 C (50 per cent) in the initial 
temperature produces a decrease of the detonation velocity 
by less than 2 per cent, this temperature change decreases 
the pressure by more than 30 per cent. It is of interest to 
note that an increase in initial temperature leads to a lower 
detonation temperature. 
The temperatures in the normal shock zone are almost one 
half the detonation temperatures, whereas the pressures 
behind the normal shock are almost twice the pressure of the 
detonation wave and slightly higher than the impact prepr 
The results of these theoretical calculations are being used 
in an experimental investigation to determine the detonation 
induction distances of hydrogen-oxygen mixtures under a 
variety of initial conditions. Velocity measurernenta and 
other pertinent data obtained during this experimental 
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MOLAR PER CENT HYDROGEN IN MIXTURE 
Fig. 4 Pressure behind hydrogen-oxygen detonation wave for 
various fuel concentrations 
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Fig. 5 Gas temperature behind hydrogen-oxygen detonation 
























= equilibrium sonic velocity in gas mixture 
= specific heat at constant pressure 
= heat release coefficient 
= zero point energy 
= absolute molar enthalpy 
= dimensionless heat of formation of species i at 
= ratio of specific heat at constant pressure to that a t  
= equilibrium constant based on partial pressures 
= Mach number 
= molecular weight 
= total mole number of element in mixture 
= absolute pressure 
= partial pressure of species i 
= heat added per unit mass of gas 
= universal gas constant 
= entropy per unit mass 
= absolute temperature 
= linear velocity 
= specific volume 
= mole fraction of reactants 





a = conditions in gas leaving detonation or shock wave 
b = conditions in gas entering detonation or shock wave 
D = stable detonation wave 
i = ith species of mixture 
imp = impact 
m n  = minimum 
N.S. = normal shock wave 
1 = initial state of gas 
2 
3 = state of grta behind steady-state detonation wave 
* = critical flow condition 
= state of gas behind normal shock when initial Mach 
number is M I  
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